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• Null simulations can identify patterns of selective predation by invasive predators.
• Lionfish feed broadly but some prey are eaten more or less than expected by chance.
• The taxon eaten most frequently by lionfish was very abundant in the environment.
• Some rare taxa were prey more often than expected and may be selected by lionfish.
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a b s t r a c t
Among invasive species, introduced predators have some of the most dramatic impacts on
native biodiversity, causing declines and extinctions. Selective predation by invasive preda-
tors may contribute to their effects on native taxa and taxa that are preyed upon out of
proportion to their abundance may be at greatest risk of decline. In this study we aimed to
document patterns of selective predation by a spreading invasive species, the Indo-Pacific
lionfish (Pterois volitans/miles), with the goal of the identification of native taxa thatmay be
subject to future decline. We took advantage of published data on invasive lionfish stom-
ach contents and native reef fish abundances from a single region (hardbottom reef habi-
tats of North Carolina) and applied a null simulation model to identify native fish taxa that
were occurred as lionfish prey more or less frequently than would be expected based on
their abundances. Using this method, we found that six of 28 native fish families were sig-
nificantly under-represented in lionfish stomachs, suggesting that these taxa are avoided
by lionfish or occur in different microhabitats. Twelve taxa appeared as prey items only
as frequently as would be expected, given their abundance. We identified ten fish fami-
lies that occurred as lionfish prey drastically and significantly more frequently than would
be expected based on their abundance alone. These families include ecologically impor-
tant species that play important functional roles and help maintain reefs (some parrotfish;
Scaridae) and popular food and sport fish and some of the few native species to have been
observed eating lionfish in the wild (some groupers; Serranidae). Preferred families were
consumed at rates up to 90 times greater than would be expected based on natural abun-
dance, suggesting thepotential for local populationdeclines as a result of lionfish predation.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Some of the most significant negative effects of invasive nonindigenous species on native biodiversity are the result of
direct predation. Invasive predators have caused or are associated with significant extinction events on islands (Blackburn
et al., 2004; Savidge, 1987), in freshwater aquatic systems (Witte and Goldschmidt, 1990), and onmainland habitats (Dorcas
et al., 2012). Once invasive predators become established in new locations, the identification and understanding of their
potential effects on native biodiversity is critical to the effective management of biodiversity (Byers et al., 2002).
For these reasons, significant effort has been applied to understanding the potential negative effects of the invasive Indo-
Pacific lionfish (Pterois volitans/miles) within its introduced range. Indo-Pacific lionfish (hereafter, ‘‘lionfish’’) are generalist,
broadly piscivorous fish that are established throughout the tropical and temperate western Atlantic Ocean, with areas of
high density along the southeastern coast of the United States and in the Bahamas and Caribbean Sea (Whitfield et al., 2002).
Despite the lionfish’s relatively recent establishment in this region, declines of reef fish have been reported in the Bahamas
(Green et al., 2012) and experimental evidence suggests that lionfish can cause severe and rapid local declines of reef fish
(Albins and Hixon, 2008).
Lionfish are most often characterized as generalist predators that consume a broad range of native Atlantic fish species
(Albins, 2012; Albins andHixon, 2008; Green et al., 2012; Layman and Allgeier, 2012;Morris Jr and Akins, 2009;Muñoz et al.,
2011). These assessments are largely based on the richness of taxonomic groups that have been identified as lionfish prey,
which number in the dozens of species (Green et al., 2012;Muñoz et al., 2011).More detailed analyses have added important
nuance to this characterization, however, providing evidence for some degree of specialization even within the broad diets
of invasive lionfish. These studies suggest that despite their apparently opportunistic diet, lionfish may specialize on small
prey fishes that are solitary, nocturnal, and bottom-dwelling (Green and Côté, 2014; Layman and Allgeier, 2012). The results
of these studies indicate that more refined analyses of dietary breadth, specialization, and prey selectivity of lionfish may
provide useful information for the management and conservation of native taxa within the invasive range of the lionfish.
Such analyses could help predict the taxa most likely to suffer future declines owing to lionfish predation, a critical goal
given the continued spread and probable permanence of lionfish populations in the western Atlantic.
We aim to further refine the understanding of dietary composition and selectivity of lionfish in the western Atlantic by
applying a simple null model approach (Gotelli and Graves, 1996). In this approach we develop specific null hypotheses for
how frequently lionfishwould be expected to consumeparticular prey taxa, given the knownabundance of those prey taxa in
the natural environment. Our null hypotheses are based on the expectation that a true generalist (i.e., nonselective) predator
would consume prey items in proportion to their abundance in the environment. This approach goes beyond quantifying
the dietary breadth of lionfish, instead aiming to identify particular taxa that are consumed by lionfishmore frequently than
would be expected if lionfish were true generalists. Thus, by combining information on dietary breadth of lionfish with data
on the diversity and abundance of potential prey in the environment, we focus on defining the degree to which lionfish
are selective predators. Of particular importance is the identification of relatively rare native taxa that appear frequently as
lionfish prey, which may provide early warning of potential impact to susceptible native taxa. Further, by identifying native
taxa that are over-represented and under-represented in lionfish stomach contents, this approach can provide additional
insight regarding traits that may be predictive of susceptibility to lionfish predation (Green and Côté, 2014).
2. Materials and methods
We used two recent published datasets from the continental shelf of Onslow Bay, North Carolina, USA to assess patterns
of lionfish predation in this region. The first dataset documented native reef fish abundances. Trained observers (Whitfield
et al., 2014) documented native fish community structure via visual SCUBA surveys conducted from 2006–2010. Surveys
were conducted at depths up to 46 m and all visible reef fish were identified to species or lowest possible taxonomic unit.
Fish in these surveys were divided into two categories based on size,≤10 cm total length (TL) (i.e., cryptic fish) and>10 cm
TL (i.e., conspicuous fish). Although individual lionfish can consume prey as large as 48% of their TL (Morris Jr and Akins,
2009) and therefore potentially as large as>15, 10 cm is the approximate maximum length of lionfish prey items collected
from lionfish in this region (Muñoz et al., 2011). For this reason we focus on reef fish diversity and abundance from the
benthic cryptic fish (≤10 cm TL) surveys of Whitfield et al. (2014). Seventy-two cryptic fish surveys were conducted at
38 sites using underwater visual census band transect methods, with transect dimensions of 50 m × 2 m. Based on these
methods, the focus of the surveys on benthic habitatwhere lionfish occurred, and the fact thatmost lionfish prey are≤10 cm
TL, we consider the large number of fish counted during these surveys (ca. 122,023 individuals) to be representative of the
abundance distribution of potential prey items for lionfish in this region.
Our second dataset comes from a stomach contents analysis of 226 lionfish collected from 18 sites in 2004 and 2006
by Muñoz et al. (2011), also from Onslow Bay, North Carolina. Lionfish were captured via spearfishing and were placed in
bags until they could be dissected for stomach contents at the surface. Lionfish stomachs were immediately removed from
speared fish at the surface and preserved for later identification to the family level through microscopic examination and
comparison to published taxonomic keys (Muñoz et al., 2011). From the 226 lionfish, 359 fish prey items were collected and
identified, which we assume comprise a representative sample of lionfish diet breadth and prey choice in the study region.
This assumption is validated by the nearly asymptotic species accumulation curve of Muñoz et al. (2011), suggesting that
most prey consumed by lionfish were observed in the sample of 226 speared fish. Because stomach items could be reliably
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identified only to the family-level, this is the level at which we conducted our analyses of selective predation in lionfish.
Although many prey items (57%) could not be identified by Muñoz et al. owing to digestion, we follow the conclusions of
Muñoz et al. (2011) and others (Pine et al., 2005) that different fish taxa do not differ in digestion rates.We therefore assume
that the prey item analysis of Muñoz et al. (2011) is not taxonomically biased based on ability to identify prey taxa.
We designed a simulation analysis to determine (a) if native taxa are appear as lionfish prey in proportion to their
abundance in the environment; and (b) if not, to what degree do prey occurmore or less frequently thanwould be expected.
We took a null modeling approach that parallels rarefaction analyses to address these questions (Gotelli and Colwell, 2001;
Gotelli and Graves, 1996). Our approach is based on the simple null hypothesis that lionfish consume prey randomly as they
encounter them (i.e., true generalist predation). Thiswould suggest that themost common prey taxa in the environmentwill
appear as lionfish prey most frequently, with rare taxa appearing as prey proportionally less frequently. To challenge this
hypothesis we simulated a null expectation for lionfish stomach contents under a random predation scenario. To achieve
this we wrote a simulation analysis in R (R Core Team, 2014) that randomly draws without replacement 359 fish from the
pool of 122,023 reef fish that represent the local fish communities. Each draw of 359 fish from the species pool represents a
single simulation of the expected stomach contents of lionfish in Muñoz et al. (2011), but with the assumption that lionfish
feed indiscriminately and in proportion to prey abundance, i.e., as a perfectly random, generalist predator. We repeated
this random draw 1000 times to generate a distribution of expected predation rates for each native fish family. This random
distribution of predation rates is our null hypothesis for how frequently each fish taxonwould appear in lionfish as prey items
if predation were random. We then compared the observed predation rates for each fish family to these null predictions.
If a prey taxon occurred in lionfish more frequently than predicted by the null simulation, this suggests that this taxon is
disproportionately at risk of lionfish predation. In contrast, if a prey taxon occurred in lionfish less frequently than predicted,
this suggests that the taxon is at lower risk of lionfish predation. We also calculated standardized effects sizes (SES) based
on Cohen’s D to quantify the magnitude of difference between simulated and observed predation rates.
Although other measures of diet selectivity have been developed and applied (Chesson, 1983; Jacobs, 1974), our
simulation-based approach allows for the robust analysis of small sample sizes of prey items with low relative abundances
in the environment or in the diet of lionfish andmakes no distributional assumptions. Further, our null hypothesis of random
generalist predation provides a benchmark against which observed patterns of predation can be compared. We emphasize
that this analysis assesses patterns of predation, each ofwhich could be caused bymultiple ecologicalmechanisms, including
predator preference and avoidance or spatial or temporal habitat overlap. Although our analyses are not designed to identify
the specificmechanisms leading to the documented patterns (e.g., selective predation vs. variation in overlap in habitat use),
we expect that our results will contribute to the understanding of how lionfish are affecting native biodiversity within their
invasive range.
3. Results
The 28 reef fish families occurring in the study region varied greatly in their relative frequency as prey items for lionfish,
ranging from never occurring as prey items (12 taxa), to one family, Haemulidae (grunts), comprising over 41% of all lionfish
prey items (Table 1). In general, the relative abundance of reef fish families in the environment did not always match the
relative abundance of each family in lionfish stomach contents (Fig. 1), suggesting the potential for an important role of non-
random selection of prey by lionfish. Despite this, 12 out of 28 of the native fish families were found in lionfish stomachs
only as frequently as would be expected based on their relative abundance in local hardbottom habitats, suggesting that
these particular taxa are neither selected nor avoided as prey items by lionfish.
Among the remaining taxa we found patterns consistent with selective predation of certain families of reef fish. Six taxa
were found in lionfish stomachs less frequently than would be expected, while ten families of reef fish were apparently
preferentially eaten by lionfish, occurring in stomachs significantly more frequently that would be expected based on their
estimated abundance (Table 1). Three of these preferred taxa were identified as prey items only once or twice, however, yet
they were observed so infrequently in the environment that this was an unexpectedly high rate of occurrence. Interestingly,
two of these taxa (Scorpionidae, Synodontidae) include particularly cryptic and sedentary species such as scorpionfish and
lizardfish, which may have been under-represented in the visual surveys of Whitfield et al. (2014).
Our calculated SES values provide additional evidence that some taxa as prey dramaticallymore frequently thanwould be
expected (Table 1). For example, parrotfishes (Scaridae) occurred as prey items 52 standard deviations (i.e., 60 times) more
frequently than would be expected based on their relative abundance. Of the taxa that were apparently avoided as prey
by lionfish, Sparidae (pinfish, sea breams and porgies), were most disproportionately avoided, never occurring in lionfish
stomach contents in the Muñoz et al. (2011) sample, despite naturally high abundances.
4. Discussion
Lionfish are typically characterized as dietary generalists. This is supported by their broadly piscivorous diet, which
includes dozens of taxa across a large number of fish families in the western Atlantic (Green et al., 2012; Layman and
Allgeier, 2012; Muñoz et al., 2011). Despite this dietary breadth, our results suggest that lionfish neither consume prey
taxa uniformly nor in proportion to their abundance, but rather exhibit some dietary specialization. Our analysis cannot
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Table 1
Standardized effect sizes (Cohen’s D) showing prey taxa that weremore likely (positive values) or less likely (negative values) to occur as lionfish prey than
would be expected by chance. All data are from coastal North Carolina, USA.






SES (Cohen’s D)b Proportional effect (ratio
of observed to expected
predation)
Scaridae Parrotfishes 0.134 0.002 52.06 67
Monacanthidae Filefishes 0.033 <0.001 31.72 33
Synodontidae Lizardfishes 0.006 <0.001 28.27 6
Apogonidae Cardinalfishes 0.031 0.002 12.18 15.5
Blennidae Blennies 0.061 0.007 12.08 8.7
Serranidae Sea basses and groupers 0.145 0.035 11.34 4.1
Scorpaenidae Scorpionfish 0.003 <0.001 5.33 3
Mullidae Goatfishes 0.003 <0.001 2.83 3
Haemulidae Grunts 0.418 0.365 2.06 1.1
Gobiidae Gobies 0.008 0.004 1.31 2
Acanthuridae Tangs 0.003 0.001 0.97 3
Cirrhitidae Hawkfishes 0 <0.001 −0.08 0
Malacanthidae Tilefishes 0 <0.001 −0.10 0
Sphyraenidae Barracudas 0 <0.001 −0.13 0
Diodontidae Porcupinefishes 0 <0.001 −0.16 0
Tetradontidae Pufferfishes 0 0.001 −0.43 0
Lutjanidae Snappers 0 0.001 −0.53 0
Pomacanthidae Angelfishes 0 0.001 −0.66 0
Chaetodontidae Butterflyfishes 0 0.003 −1.05 0
Sciaenidae Croakers 0 0.008 −1.74 0
Labridae Wrasses 0.025 0.061 −2.89 0.41
Gerreidae Mojarras 0 0.024 −2.92 0
Carangidae Scads 0.086 0.162 −3.75 0.53
Pomacentridae Damselfishes 0.022 0.105 −4.99 0.21
Sparidae Porgies 0 0.216 −10.17 0
Labrisomidae Labrisomid ‘‘damselfish’’ 0 0 N/A N/A
Bothidae Lefteye flounders 0.019 0 N/A N/A
Triglidae Searobbins 0.003 0 N/A N/A
a Bold= taxa that occurred as prey significantly more or less frequently than predicted by the random expectation. Significance is based on two-tailed
α = 0.5 with correction for ties.
b SES= Standardized effect size. Arranged in descending order based on SES. Cohen’s D could not be calculated for some taxa owing to a lack of variance
in the simulation results.
Fig. 1. The relative abundance of North Carolina hardbottom reef fish families as lionfish prey, as observed in lionfish stomach contents by Muñoz et al.
(2011), compared to a null expectation that lionfish consume prey based on their abundance in the environment (Whitfield et al., 2014). Error bars show
95% confidence intervals for simulated expected values.
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identify the specific mechanisms leading to the nonrandom predation we document, a point that we discuss further below.
Further, the datawe use come froma single period of time (2004–2010) and therefore represent a snapshot of predator–prey
relationships between lionfish and native fish taxa. Our analysis is also limited to fish only, excluding invertebrates, which
canmake up a large proportion of lionfish diets in some regions (e.g., Pimiento et al., 2015). However, our results add insight
to the nature of predation by invasive lionfish and identify specific fish taxa that appear as prey in lionfish more frequently
than would be expected if lionfish were true generalists. Here we discuss several striking outcomes of our analysis.
Interestingly, one family of native fish, Haemulidae (grunts), comprise the overwhelming plurality (ca. 42%) of lionfish
prey items in coastal North Carolina, yet they are onlymarginally overrepresented based on their high relative abundance in
the region. Thus,while grunts commonly occur as lionfish prey, they only appear as prey approximately 10%more frequently
than would be expected randomly (two-tailed simulated p = 0.05). This result highlights the benefit of our null modeling
approach and the importance of considering natural prey abundance when assessing selective predation (Green and Côté,
2014;Muñoz et al., 2011).We suggest that despite their frequent occurrence as lionfish prey, grunts are onlyweakly selected
as prey by lionfish and therefore only appear frequently as prey simply because they are one of the most common taxa in
the study region.
An important outcome of our analysis is the finding that several taxa with relatively moderate or low abundances in the
region, including members of the parrotfish, filefish, lizardfish, cardinalfish, blenny, and grouper families, were consumed
by lionfish far more frequently than would be expected based on their abundance in the hardbottom reef habitats of coastal
North Carolina (Table 1). This result provides some evidence of selective predation and prey preference by lionfish. Thus,
although prey abundance may contribute to how frequently some prey taxa are encountered and consumed by lionfish,
it is clear that lionfish do not always consume prey strictly in relation to their abundance. Within these selected families,
some of the most commonly-identified prey fish include tattler bass (Serranidae: Serranus phoebe), bucktooth parrotfish
(Scaridae: Sparisoma radians), and fringed filefish (Moncanthidae:Monacanthus ciliatus) (Muñoz et al., 2011). Although these
taxa are not known to be functionally or economically important, several other taxa in these families play critical roles in
reef food webs. For example, as adults several species of parrotfishes are important large-bodied herbivores in coral reef
systems, grazing on algae and preventing phase-shifts to an alternative stable state dominate bymacroalgae (Bellwood et al.,
2004; Mumby et al., 2006). Our results also found that serranids were over-represented as lionfish prey. Although groupers
(Serranidae) were not common lionfish prey items in theMuñoz et al., 2011 data, large groupers are some of the few species
that consume invasive lionfish (Hackerott et al., 2013; Mumby et al., 2011). Groupers are overfished in many areas and
additional mortality of young groupers via selective predation by lionfish may limit the opportunity for natural biocontrol
by this group of native predators. If the unexpectedly high predation on taxa such as Serranidae and Scaridae is caused by
trait-based susceptibility or predatory preference on behalf of lionfish, then related taxa may be similarly susceptible to
lionfish predation.
Wewish to be clear that our results describe patterns of nonrandompredation by lionfish onnative reef fish and that these
patterns could be caused by multiple mechanisms that are not mutually exclusive. One explanation for the patterns in our
results is that lionfish may be actively selecting some taxa as prey and avoiding other taxa. Although we document selective
predation by lionfish in terms of prey taxonomy, lionfish may not be selecting prey based on their taxonomic identity per
se, but rather based on behavioral and morphological traits. Green and Côté (2014) identified several traits that correlate
with lionfish predation in the Bahamas, finding that small, shallow-bodied, nocturnal fish that are active in the demersal or
benthic zones are disproportionately represented as lionfish prey. Although our analyses provide some qualitative support
for some of these traits among the selected (generally shallow-bodied, demersal, and nocturnal) and avoided (generally
deep-bodied and well-defended with spines) prey taxa, because our analyses were conducted at the family level, we cannot
rigorously assess correlations between taxonomic selectivity and species-level traits.
Invoking prey selection based on species traits assumes that potential prey fish taxa are equally available as prey for
lionfish and actually co-occur with them spatially and temporally. This assumption may not always be valid, for example
whenmicrohabitat preferences of potential prey lead to some taxa never co-occurring with lionfish spatially or temporally,
even when they occur in the same region. In the Bahamas, for example, small samples of lionfish from reef and mangrove
habitats showed no overlap in the composition of their gut contents between habitats (Pimiento et al., 2015). On an even
smaller spatial scale, individual lionfish appear to have somewhat specialized diets based on the local prey assemblages that
occur within relatively small foraging areas (Layman and Allgeier, 2012). These results show that at smaller spatial scales,
habitat-based prey availability can influence the composition of lionfish diets, which could contribute to the nonrandom
patterns of prey occurrence thatwedocument in our analyses. Despite this possibility, the fish survey dataweuse specifically
focused on relatively small, benthic fishes in a region and depth range where lionfish occur (Whitfield et al., 2014) and are
therefore likely to represent potentially available prey for lionfish in the region.
Finally, lionfish may be preying disproportionately on some rare species not as a result of prey species traits per se, but
simply because the prey are rare. As compared to abundant schooling species, relatively rare solitary speciesmay be targeted
more easily by predators, owing to the complementary confusion and oddity effects, which have been documented in other
reef fish systems (e.g., Almany et al., 2007). Thus, lionfish selection of prey based on their rarity may partially explain the
apparent preference of lionfish for relatively rare and solitary prey species in this and other studies (Green and Côté, 2014).
What are the potential consequences of these patterns of predation by lionfish? Declines of some taxa of reef fish have
been associated with the presence of invasive lionfish in the western Atlantic (Albins and Hixon, 2008; Green et al., 2012).
Although we do not have the detailed demographic information required to assess the effects of lionfish predation on
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population growth rates of native fish taxa in this region, predator selectivity provides the basis for predictions of taxa that
are likely to experience declines owing to lionfish predation. By definition, rare prey taxa that are selected for are consumed
out of proportion to their abundance, which suggests that even if prey decline in abundance, they will continue to be preyed
upon by lionfish. Even if these patterns are caused by habitat overlap (and not trait-based prey selection), the net result
is disproportionate predation of some taxa, including several that are relatively rare. Ultimately, selective loss of species
across habitats or regions may lead to local and regional prey extinctions (Scott and Murdoch, 1983; Smith et al., 2009) and
the taxamost strongly selected for by lionfish in this study (e.g., Scaridae, Serranidae, Monacanthidae) should be considered
candidates for further monitoring where they co-occur with invasive lionfish.
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